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Trunk Neural Crest Has Skeletogenic Potential
the midbrain neural crest contained cells expressingImelda M. McGonnell and Anthony Graham1
MRC Centre for Developmental Neurobiology collagen I (n  7), indicating evidence of osteoblast
differentiation [2] (Figures 2A and 2B). This result wasFourth Floor New Hunts House
Guys Campus, Kings College London found in all cultures analyzed, and, in each, 20%–30% of
the total cells were collagen I positive. Correspondingly,London SE1 1UL
United Kingdom and in keeping with our previous observations, we also
found that trunk neural crest cells expressed collagen
I after 3–4 weeks in culture (n  7) (Figures 2C and
2D). This was evident in all of the trunk cultures, andSummary
20%–30% of the total cells were collagen I positive.
Notably, in both midbrain and trunk cultures, the colla-During early vertebrate development, neural crest
gen I-positive cells displayed overt osteoblast morphol-cells emerge from the dorsal neural tube, migrate into
ogy. Similarly, we analyzed midbrain and trunk crestthe periphery, and form a wide range of derivatives.
cultures for the expression of collagen II, which is aThere is, however, a significant difference between
definitive cartilage marker [3]. In the midbrain crest cul-the cranial and trunk neural crest with respect to the
tures, collagen II-expressing cells were evident after 2–3diversity of cell types that each normally produces.
weeks in all cultures (n  7) (Figures 2E and 2F) andThus, while crest cells from all axial levels form neu-
accounted for around 50% of the total cells in each. Therons, glia, and melanocytes, the cranial crest addition-
trunk crest cultures also exhibited collagen II-express-ally generates skeletal derivatives such as bone and
ing cells after 2–3 weeks (n  7) in all cases and repre-cartilage; trunk crest cells are generally thought to
sented about 50% of the total number (Figures 2G andlack skeletogenic potential. Here, we show, however,
2H). It is also worth noting that, in both midbrain andthat if avian trunk neural crest cells are cultured in
trunk cultures, the collagen II-positive cells display obvi-appropriate media, they form both bone and cartilage
ous chondrocyte morphology. We also analyzed thesecells, and if placed into the developing head, they con-
cultures, both midbrain and trunk, for the expression oftribute to cranial skeletal components. Thus, the neu-
cbfa1 [4], a transcription factor required for osteoblastral crest from all axial levels can generate the full rep-
differentiation, using RT-PCR followed by Southern blot-ertoire of crest derivatives. The skeletogenic potential
ting. We find that cbfa1 is expressed by both midbrainof the trunk neural crest is significant, as it was likely
and trunk neural crest cultures after 3–4 weeks of incu-realized in early vertebrates, which had extensive
bation (Figure 2I). Thus, in vitro, the crest from bothpostcranial exoskeletal coverings.
cranial and truncal levels will form skeletogenic deriva-
tives and will have equal potential to do so.
Results and Discussion While these results demonstrate that avian trunk crest
cells can form skeletal derivatives in culture, it has pre-
Here, we have exploited a media commonly used for viously been suggested that the trunk crest cannot form
growing bone and cartilage cells, which includes dexa- these cell types in vivo. In these studies, the spinal neural
methasone, ascorbic acid, and -glycerophosphate, to tube was grafted in place of the developing hindbrain;
directly compare the potential of the avian cranial and neural crest cells were produced by the graft, but they
the trunk neural crest to form bone and cartilage [1]. As were never found to contribute to cranial skeletal ele-
expected, after 4–5 weeks in culture, midbrain neural ments [5, 6]. However, the trunk and cranial crest are
crest explants (n  6) gave rise to bone and cartilage known to have different migratory behaviors [7, 8], and
cells, as evidenced through alizarin red and alcian blue it is possible that this and other factors compromised
staining (Figures 1A and 1B). These cultures also con- these analyses. To circumvent such problems, and to
tained many melanocytes, an expected crest derivative. directly test the ability of trunk neural crest cells to con-
Notably, the spinal neural tube crest cultures (n  6) tribute to cranial skeletal elements when confronted with
taken from bona fide truncal levels, caudal of the sixth the appropriate environment, we implanted loosely
somite from cervical and thoracic levels, also generated packed aggregates of quail trunk neural crest cells di-
skeletal derivatives under these conditions. After 4–5 rectly into the developing chick mandibular and maxil-
weeks in culture, alizarin red and alcian blue staining lary primordia of stage-14 chick embryos [9]. The em-
revealed the presence of both bone and cartilage matrix bryos (n  12) were then grown until stage 36 of
(Figures 1C and 1D). Again, these cultures also con- development, and the location of the trunk neural crest
tained melanocytes. cells in the developing head was assessed through
This finding shows that trunk neural crest cells have staining with the quail-specific antibody QCPN. After
skeletogenic potential. To probe this in more detail, we this period, the cells from these loose aggregates had
analyzed these cultures for the expression of earlier spread through much of the facial territory. Importantly,
bone and cartilage markers, collagen I and collagen II we found that, while these cells formed expected deriva-
expression, respectively. After 3–4 weeks, cultures of tives, schwann cells and melanocytes, they also, in all
12 cases, contributed to the forming skeletal elements
(Figure 3). These quail trunk crest cells had evidently1Correspondence: anthony.graham@kcl.ac.uk
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Figure 1. Histological Staining of Skeleto-
genic Cells in Neural Crest Cultures
Neural crest cells cultured for 4 weeks in skel-
etogenic media and stained with alcian blue
(marking cartilage matrix) and alizarin red
(marking bone matrix).
(A and B) (A) The midbrain neural crest; the
arrowhead indicates the area magnified in (B).
Large areas of the culture stain with these
markers of skeletogenic differentiation.
(C and D) (C) Trunk neural crest cultures of
the same age, magnified in (D), also show
extensive bone and cartilage differentiation.
Both cultures also contain brown-pigmented
melanocytes. The scale bar in (A) and (C) rep-
resents 1000 m, and the scale bar in (B) and
(D) represents 200 m.
contributed to the developing Meckel’s cartilage and more dorsally located cranial sensory ganglia, and that
bilateral grafts of trunk neural tube into the head pro-Scleral cartilage that surrounds the eye, counterstained
with alcian blue (Figures 3C, 3E, and 3G) and with colla- duced phenotypes similar to those observed when the
cranial crest is ablated [5, 6]. Here, we show, however,gen II antibody (Figures 3B, 3D, and 3F). Thus, when
placed in the cranial environment, trunk neural crest that the trunk crest does have skeletogenic potential.
We have cultured trunk neural crest cells in medium thatcells can respond to skeletogenic cues and can contrib-
ute to the cranial skeleton. Interestingly, in our experi- specifically promotes the differentiation of cartilage and
bone cells, and, under these conditions, they will formments, the trunk neural crest cells were, by and large,
scattered in these skeletal elements, which may suggest these cell types. We also show that, if trunk crest cells
are directly placed into the developing facial structures,that community effects from the host cranial crest may
play an important role in directing the fate of these trunk circumventing migratory problems, then these cells will
contribute to cranial skeletal elements. This work is increst cells.
It has long been evident that neural crest cells from keeping with and supports a previous finding that mouse
trunk crest cells have odontogenic potential [11]. In-particular axial levels form a restricted set of derivatives:
sympathetic neurons arise from the trunk crest, enteric deed, taking all the relevant studies into account, it
seems that crest cells from all axial levels have similarneurons from the vagal and lumbosacral crest, and carti-
lage and bone from the cranial crest [7]. However, it has potentials and share the ability to generate the broad
repertoire of possible crest derivatives but that all crestalso been shown that crest cells from all axial levels
have the potential to form sympathetic neurons and cell fates are normally controlled through environmental
factors in the embryo.enteric neurons [10]. Thus, with regard to sympathetic
and enteric neurons, the apparent fate restriction evi- Although, the skeletogenic potential of the trunk crest
is not realized during normal amniote development,dent during development is due to environmental factors
and is not intrinsically programmed within the neural studies on fossil and extant lower vertebrates suggest
that it may have been utilized in these animals. Therecrest. Contrastingly, it has long been believed that skele-
togenic potential was an intrinsic feature of the cranial are many fossil fish that display extensive postcranial
exoskeletal coverings of dermal bone and dentine, twocrest [5, 6]. Trunk neural crest cells were not observed
to generate skeletogenic cell types when cultured in cell types that are neural crest derived [12, 13]. The
presence of these derivatives in the trunk of these ani-media that would support a range of neural crest deriva-
tives, including neurons, glia, and melanocytes, nor were mals could of course be due to massive caudal migration
of cranial crest cells, but given the results presentedthey found to contribute to cranial skeletal elements
after heterotopic transplantation of trunk into head. Yet, here, it seems reasonable to interpret this as evidence
of the trunk neural crest realizing its skeletogenic poten-in these experiments, the absence of skeletogenic deriv-
atives from trunk crest cells may not reflect a lack of tial in the early vertebrates. Furthermore, some extant
species also have exoskeletal elements in their trunk,potential but rather a failure of the culture conditions to
promote and support skeletogenic derivatives and, in and a study on zebrafish has shown that the lepido-
trichia, the distal mineralized portion of the fin rays,the grafts, a failure of these cells to migrate and behave
appropriately. Indeed, it was noted in the grafts that the seem to have a neural crest origin [13, 14]. Amniotes,
however, have no trunk exoskeletal elements. Yet, whiletrunk neural crest cells did not contribute extensively to
the branchial arches but were often associated with the there has been successive reductions in the exoskele-
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Figure 2. Identification of Skeletogenic Cells
in Neural Crest Culture with Markers of Skele-
togenic Differentiation
(A) Midbrain neural crest cells cultured for 3
weeks in skeletogenic media and labeled with
collagen I antibody (green); nuclei are coun-
terstained with DAPI (blue). A group of cells
in the center of this culture express collagen I.
(B) Phase contrast of (A); cells in the center
are more condensed and have characteristic
osteoblast morphology, and one such cell is
highlighted by an arrowhead. The scale bar
represents 50 m ([A]–[H] are identical in
size).
(C) Trunk neural crest cells cultured and la-
beled under identical conditions to (A). Cells
also express collagen I.
(D) Phase contrast shows that these cells also
display osteoblast morphology; again, one of
these cells is indicated by an arrowhead.
(E) Midbrain neural crest cells cultured for 2
weeks and labeled with collagen II antibody
(green). A large group of cells express colla-
gen II.
(F) Phase contrast indicates the rounded
morphology characteristic of chondrocytes,
and one such cell is highlighted by an ar-
rowhead.
(G) Trunk neural crest cells cultured for 2.5
weeks, labeled as in (E). Cells in these cul-
tures also express collagen II.
(H) Phase contrast indicates that cells in
these slightly more mature cultures are vacu-
olated, also a characteristic of cartilage, and
one of these cells is highlighted by an ar-
rowhead.
(I) Southern blot of RT-PCR from midbrain (M)
and trunk (T) neural crest cultures after 3–4
weeks of culture with a probe for Cbfa1. Both
types of cultures express this skeletogenic
marker. The positive control is labeled “”,
and the two negative controls are labeled
“a” and “b”.
Experimental Procedureston, there has been an emergence of the endoskeleton
as the major axial body support, a state that is fully
Neural Crest Cultures and Identification
realized in the amniotes, and the assumption of a terres- of Skeletogenic Cells
trial lifestyle [13]. Our work, coupled with other studies, The neural crest was cultured as described previously [15] in -MEM
with up to six pieces of neural tube in one well of a four-well dishwould suggest that these changes during vertebrate
to achieve high density. For midbrain neural crest cultures, the mid-evolution were underlain by the suppression in the skele-
brain neural tube was isolated from stage-8 embryos, and, for trunktogenic fates of the trunk neural crest and the emer-
neural crest cultures, spinal cord opposite the 3 most newly formed
gence of the somites, the source of the endoskeleton, somites, from embryos between stages 10 and 15, i.e., from cervical
and thoracic levels, were isolated. After the first 24 hr of culture,as the prime patterning tissue of the trunk.
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Figure 3. Trunk Neural Crest Cells Differenti-
ate into Skeletal Cells in the Head
(A) A low-power view of a 10-m representa-
tive saggital section through an HH stage-36
chick head stained with Lison’s stain to show
developing cartilage elements. Arrows indi-
cate Meckel’s and Scleral cartilages shown
in the following images, which are saggital
sections through stage-36 chick heads. The
images shown are taken 7 days after implan-
tation of quail trunk neural crest cells into the
first pharyngeal arch. Quail cells labeled with
QCPN antibody are brown. The scale bar rep-
resents 1000 m.
(B) A section through the mandible of stage-
36 chick, counterstained with Lison’s stain
to show cartilages (blue). Quail cells can be
found scattered throughout this lower jaw
cartilage element.
(C) A section labeled with collagen II antibody
to highlight cartilage cells (red). Quail cells,
embedded in the lower jaw cartilage element,
express collagen II, indicating their cartilage
phenotype.
(D and E) (D) Section through the Scleral carti-
lages surrounding the eye, counterstained
with Lison’s stain or (E) labeled with collagen
II antibody as before. Quail cells are also
found in these cartilages and express colla-
gen II.
The scale bar in (B)–(E) represents 50 m.
(F) A high-power view of a QCPN-stained
trunk neural crest cell in alcian blue-stained
Meckel’s cartilage.
(G) A high-powered view of a QCPN-stained
trunk neural crest cell in collagen II-stained
Scleral cartilage.
The scale bar in (F) and (G) represents 20 m.
the neural tube was removed and the media was supplemented PCR products were blotted and probed with a subclone of chick
Cbfa1.with 10 mM -glycerophosphate, 50 g/ml ascorbic acid, and 107
M dexamethasone [1].
Cultures were fixed and stained with 1% alcian blue in 3% acetic
Analysis of Quail Trunk Neural Crest Graftsacid (pH 1.0), followed by 40 mM alizarin red-S (pH 4.2), which label
Quail spinal cord was isolated and cultured overnight in four-wellcartilage and bone, respectively, or were labeled with monoclonal
dishes in F-12 media. The pieces of neural tube were then removed,collagen I or II antibodies (Developmental Studies Hybridoma Bank),
and the crest cells were trypsinized and spun at low speed to formdetected with a FITC-coupled secondary antibody.
loosely packed aggregates. These aggregates were then implanted
in the first arch of stage-14 chick embryos. Chick embryos that had
RT-PCR and Southern Blot received grafts of the quail trunk neural crest were incubated up to
RNA was extracted from cultures using Trizol reagent (GIBCO) as per stage 36, processed into wax, sectioned, and labeled with QCPN
the manufacturer’s instructions. AMV-first strand cDNA synthesis kit antibody as described previously [16]. Slides were then counter-
(Roche) was used to produce cDNA, which was subsequently used stained with Lison’s stain [17] or with polyclonal collagen II antibody
in RT-PCR with Taq polymerase (Bioline) to produce a 497-bp frag- (Novacastra), detected with an AP-tagged secondary antibody, to
ment of chick Cbfa1. Primer sequences used were: Cbfa1 (F) 5- show differentiated cartilage.
TAACCGCACCATGGTGGAGATCAT-3 and Cbfa (R) 5-ACTCCGC
CCTGTGGATGAGAGTAT-3. PCR conditions used were: 94C for 2
min 	 1 cycle, 94C for 30 s, 56C for 2 min, and 72C for 2 min 	 Acknowledgments
30 cycles. A total of 5 pg of a chick Cbfa1 subclone was included
as a positive control in this PCR, and the negative controls that We would like to thank Jill Helms for the chick cbfa1 probe and
Andrew Lumsden, Moya Smith, and Ian McKay for critical readingwere used were minus template a and minus reverse primer b.
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